Abbreviation Key: CI-Man-6-P/type II IGF receptor = cationindependent mannose 6-phosphate receptor; ECM = extracellular matrix; EGF = epidermal growth factor; FGF = fibroblast growth factor; FREK = fibroblast growth factor receptor-like embryonic kinase; HGF = hepatocyte growth factor; IGF = insulin-like growth factor; PDGF = platelet-derived growth factor; TGF-b = transforming growth factor-b. ABSTRACT Skeletal muscle development in avian and mammalian embryos depends on the proliferation, differentiation, and fusion of embryonic myoblasts. During the late fetal period and following birth or hatching, myogenic satellite cells are responsible for this developmental function. Satellite cells, which are found adjacent to existing skeletal muscle fibers fuse with these fibers and their nuclei direct the synthesis of new protein and function in the maturation of muscle. These events are controlled by specific growth factors that are produced locally by satellite cells and other cells in the muscle. Progress in our understanding of the early events in myogenesis has been made possible by the development of satellite cell cultures and media formulations that allow the assessment of the role of growth factors in skeletal muscle growth and development. Because of the key role that satellite cells play in skeletal muscle growth, development, and regeneration, many scientists in both the agricultural and medical communities have focused their research on understanding the physiology of this cell. From an agricultural perspective, a better understanding of the mechanisms regulating satellite cell activity may lead to procedures to increase the deposition and efficiency of lean muscle (meat) accretion and, perhaps, improve the nutrient composition of meat products.
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INTRODUCTION
Much of the foundation research that unraveled basic principles of skeletal muscle growth and development was performed using poultry species. Smith (1963) determined that increases in muscle cell numbers occurred before hatching and that posthatching growth was primarily due to increases in muscle cell size. At the time of hatching, meat breed chickens had greater numbers of muscle cells than layers, but the cell size was somewhat smaller. Earlier work by Blunn and Gregory (1935) showed that proliferation rates of cells in eggs from meat birds were greater than those of cells from layers. These differences were apparent as early as 72 h following the beginning of incubation. Smith (1963) reported that large-bodied meat birds had much larger muscle fibers than did layers after 10 wk of growth. Furthermore, reciprocal crosses of the two lines resulted in muscle cell sizes and numbers at hatching, as well as cell size at 10 wk of age, that were intermediate for the sire and dam. Although there were larger and greater numbers of muscle cells in the meat bird line than in the layer, cell size appeared to be more important in influencing overall muscle size. Moss, using the Gastrocnemius and pectoral muscles of growing chickens, determined there were both constant ratios between the cross-sectional area of muscle fibers and the total number of nuclei (Moss, 1968a) and between the muscle weight and the nuclei number (Moss et al., 1964) . From this determination, it follows that, as the cross-sectional area of muscle fibers increases, there is a proportional increase in nuclei number. Additionally, it was noted that the cross-sectional area increased in proportion to the two-thirds power of the weight of the muscle. This relationship suggested that fiber diameter and length maintained a constant ratio. When the birds' feed intake was restricted, the ratios were unchanged (Moss, 1968b) . On the other hand, severe feed restriction or starvation resulted in loss of muscle mass and fiber cross-sectional area, but nuclei levels remained unchanged. Refeeding restored the fiber cross-sectional area: nuclei relationship.
Earlier work by Stockdale and Holtzer (1961) with chick embryonic muscle cultures demonstrated that myoblasts that have differentiated and fused to form multinucleated skeletal muscle fibers direct the synthesis of muscle-specific proteins but are not capable of synthesizing DNA. This observation implied the existence of a new cell type responsible for postnatal nuclear accretion and muscle growth. Around this same time, Alexander Mauro (1961) reported the presence of a cell "wedged" between the plasma membrane and the basement membrane of skeletal muscle fibers from the frog. His electron micrographs revealed that these cells, which he termed "satellite cells," had very little cytoplasm and that it was difficult to discern their cellular structure. Among Mauro's suggestions as to the possible function of these cells was that they may be involved in muscle growth and regeneration. In support of this hypothesis were the findings by Moss and LeBlond (1971) that 3 H-thymidine administered to rats was incorporated into the nuclei of satellite cells within 1 h of treatment. Following this period, the label was incorporated into the nuclei of the muscle fiber, i.e., myonuclei. These findings established the key role of satellite cells in skeletal muscle growth. In fact, most of the nuclei residing in mature muscle fibers are derived from satellite cells (Allen et al., 1979) . Electron micrographic examination of satellite cells reveals a "spindle" or "fusiform" shaped cell residing between the basement membrane and plasmalemma of skeletal muscle fibers (Muir, 1970) . The overall dimensions and nuclear sizes of satellite cells vary between species (for review see : Campion, 1987) . Figure 1 illustrates the location of satellite cells in relation to muscle fibers.
Electron microscopy has also revealed the internal structure of satellite cells and identified inactive and active states of cells (Snow, 1977; Takahama, 1983; Maltin, 1986; Campion, 1987; Campion et al., 1987) . Active (or cycling) satellite cells are grossly distinguished from inactive (or quiescent) cells by an increased cytoplasmic to nuclear ratio. Additionally, the cytoplasm of active cells possesses greater numbers of organelles such as mitochondria and a more developed golgi and rough endoplasmic reticulum. The nucleoli of active cells are more pronounced and the nuclear chromatin appears more diffuse (euchromatin). There is a higher proportion of active satellite cells in young growing animals than in older animals (Schultz, 1976; Snow, 1977; Takahama, 1983) . Satellite cells in normal adult muscles do not incorporate significant 3 H thymidine into their DNA and, therefore, are largely quiescent (Schultz et al., 1978; Allbrook, 1981; Bischoff, 1986) . However, satellite cells derived from older animals do have the capability to proliferate and differentiate in vitro (Allen et al., 1980) , but the proliferation potential decreases with age (Schultz and Lipton, 1982) .
Satellite cell activity also appears to be important in regeneration of traumatized or diseased muscle (Bischoff, 1975; Carlson and Faulkner, 1983; Schultz, 1989) . Repeated traumatization of skeletal muscle reduces the proliferative potential of satellite cells involved in the regeneration process (Schultz and Jaryszak, 1985) . Satellite cells generally participate only in the regeneration of muscle fibers with which they are associated. However, Hughes and Blau (1990) reported that satellite cells from healthy fibers may cross the basal lamina and repair damaged fibers. Recruitment of satellite cells from adjacent fibers in the regeneration process probably only occurs when fibers are damaged and the epimysium is partially removed (Schultz et al., 1986) . Regeneration of load-bearing skeletal muscles of animals subjected to hind-limb suspension (Darr and Schultz, 1989) and space flight (Riley et al., 1990 ) is also dependent on satellite cell activity. Hind-limb suspension-induced muscle atrophy causes a pronounced decrease in myonuclei and satellite cell numbers. The results suggest that there is both an increased incorporation of satellite cells into the muscle fibers and a decrease in their proliferative capacity.
Nutrition also influences satellite cell activation state. Satellite cells in malnourished children are fewer in number and are predominantly inactive (Hansen-Smith et al., 1978 . Recovery from malnourishment is characterized by a dramatic increase in the number of satellite cells and the proportion that are activated. A recent report provided evidence that certain bone marrow-derived cells may contribute to muscle regeneration following damage (Ferrari et al., 1998) . The overall contribution of these cells to normal growth or regeneration is not yet known.
In addition to their role in normal muscle development and in the regeneration of damaged muscles, satellite cells appear to be important in exercise-induced increases in skeletal muscle mass (Darr and Schultz, 1987) . The percentage of active satellite cells is increased in exercised muscles (Darr and Schultz, 1987; Appell et al., 1988) and passive stretch-induced muscles (Winchester et al., 1989) . Additionally, some evidence has been presented that suggests that exercise and passive stretch may result in the formation of new fibers in adult skeletal muscle (Appell et al., 1988; Alway et al., 1989) . A paper by Merly et al. (1998) demonstrated that stretchedoverloading of wing muscles of the turkey results in new fiber formation. 
SATELLITE CELL CULTURE SYSTEMS
Because of the key role that satellite cells play in skeletal muscle growth, development, and regeneration, many scientists in both the agricultural and medical communities have focused their research on understanding the physiology of this cell. In particular, it is clear that a better understanding of the mechanisms regulating satellite cell activation, proliferation, and differentiation would have enormous practical applications in agriculture and medicine. From an agricultural perspective there is potential to increase the deposition and efficiency of lean muscle (meat) accretion and, perhaps, improve the nutrient composition of these products. From a medical perspective, there is considerable interest in the use of satellite cells to administer "gene therapy" to individuals with a number of different diseases (for review see: Blau and Springer, 1995) .
Most of these studies have depended on the development of cell culture systems using satellite cells derived from particular species of interest. Viable satellite cells were first isolated by Bischoff (1974) from the skeletal muscles of adult rats. These cells were able to proliferate and differentiate to form multinucleated myotubes. Since then, satellite cells have been isolated and cultured from humans (Blau and Webster, 1981) as well as a number of agriculturally important species including the chicken (Johnson et al., 1983; Matsuda et al., 1983; Yablonka-Reuveni et al., 1987) , turkey (McFarland et al., 1988) , sheep (Dodson et al., 1986) , cattle (Dodson et al., 1987) , swine (Doumit and Merkel, 1992) and fish (Powell et al., 1989) . The various isolation protocols used with these species have generally involved the following steps. Skeletal muscles are removed in a sterile fashion and either ground or sliced to dissociate the fibers. A protease is added to digest the basement membrane enough to release the satellite cells from the fibers. This procedure is followed by steps to separate the suspended satellite cells from muscle debris, which entails centrifugation at a slow speed to pellet larger particles, leaving the cells in suspension. Following this centrifugation, cells may be filtered through a Nitex cloth or other material to further clarify the preparation. At this point the cells may be directly plated into cell cultureware to form primary cultures or mixed with the cryoprotectant dimethylsulfoxide and frozen in liquid nitrogen. We have stored satellite cells in liquid nitrogen for more than 10 yr and have experienced no detectable loss of cell viability following thawing. Storage of cells in this manner saves time in that fewer cell harvests are necessary, and it lowers costs because it decreases the need to maintain large herds or flocks of animals to support research projects.
Typical media for growth of satellite cells consist of a commercial medium that supplies nutrients to the cells and a source of sera that supplies growth factors. In addition to sera, some laboratories use a chick embryo extract with avian cells that also supplies growth factors and possibly some other unidentified compounds that promote growth. Following growth, differentiation and fusion of satellite cells to form myotubes can be initiated by lowering the serum level in the media. Figures 2 and 3 are photographs of a near-confluent turkey satellite cell culture and a turkey satellite cell-derived myotube culture, respectively. Florini et al. (1991a,b) demonstrated that when muscle cells are administered low levels of serum, cells increase expression of insulin-like growth factor-II (IGF-II), which, in turn, causes elevation of the myogenin gene. Myogenin is a member of a larger group of transcription factors called "myogenic regulatory factors." During satellite cell activation and proliferation and through the differentiation process, there is a temporal expression of these genes (Smith et al., 1994) .
Although the use of serum-containing media has applicability to some physiological studies of skeletal 2 Stoelting Co., Wood Dale, IL 60191. muscle growth, these media are generally not appropriate for studies investigating the effects of growth factors on cells. Serum contains variable levels of known as well as unknown compounds, including growth factors and IGF binding proteins, that may influence cellular activity. For this reason, researchers have designed serum-free medium formulations to optimize growth or differentiation of satellite cells from different species. Serum-free medium formulations have been developed for the chicken embryonic myoblast (Dollenmeier et al., 1981) and the turkey satellite cell (McFarland et al., 1991) as well as a number of other agriculturally important species (for review see Dodson et al., 1996) .
Of major importance in evaluation of growth factor effects on satellite cells, or any other cell, is the characterization of the cell population that has been isolated. Primary cultures of muscle cells are often contaminated with nonmyogenic cells such as fibroblasts. Fibroblasts may affect experimental results in several ways. Fibroblasts have been demonstrated to secrete factors that may affect the proliferation and differentiation of satellite cells (Clemmons et al., 1981; Cook et al., 1988; Story, 1989) . Additionally, the presence of fibroblasts interferes with accurate satellite cell enumeration in growth studies. Development of pure satellite cell cultures has been accomplished by cloning and flow cytometric techniques, often coupled with the use of monoclonal antibodies directed against cell surface antigens. Fluorescence-activated cell sorting has been used to isolate pure populations of human and porcine (Blanton et al., 1999) satellite cells.
The turkey satellite cell has been cloned using a cloning ring technique (Minshall et al., 1990) and by use of the Quixell cell manipulator robotic system 2 (McFarland et al., 1995a) . Pure populations of chicken satellite cells have been reported by Yablonka-Reuveni et al. (1987) by subjecting harvested cell suspensions to Percoll density gradient centrifugation. Using other isolation techniques, we produced chicken muscle cultures that were initially about 90% satellite cells as determined by staining for the muscle-specific protein desmin (McFarland et al., 1997a) . Following 6 d of proliferation in growth medium, the proportion of desmin-positive cells was reduced to 28%. Due to the apparent overgrowth of the cultures by nonmyogenic cells, chicken satellite cells were cloned for further studies.
In spite of the observations that primary satellite cell cultures from many, if not most, species are prone to becoming contaminated with nonmyogenic cells such as fibroblasts, this is not the case with cultures derived from postnatal turkey muscles. When cultures from this species are grown and then induced to differentiate and fuse, often greater than 90% of the cells fuse to form myotubes (McFarland et al., 1988) . Even after several culture passages, greater than 95% of the cells are desmin-positive (McFarland et al., 1995b) .
GROWTH FACTOR REGULATION OF SATELLITE CELL ACTIVITIES
It is becoming increasingly clear that the major substances regulating the activation, proliferation, and differentiation of satellite cells are growth factors. Growth factors are polypeptides produced by numerous tissues that act locally to influence cellular functions. They may influence the activities of the same types of cells they are produced by (autocrine effects) or different types of cells (paracrine effects). Growth factors differ from hormones, which are produced by particular tissues and then travel in the blood stream to affect target cells at a distance from their point of origin. The IGF, however, are found in high levels in the serum and can potentially act both in an endocrine and autocrine/ paracrine fashion.
Much of the early work delineating the role of growth factors on skeletal muscle growth and development employed transformed immortalized rodent myoblasts as well as rat satellite cells. More recently, much attention has turned toward understanding growth factor regulation of satellite cells derived from agriculturally relevant species, including poultry (for review see Dodson et al., 1996) . Many excellent reviews have been written on the biochemistry and physiology of growth factors. The focus of this review will be to describe the current state of knowledge of the role of growth factors in poultry skeletal muscle development with emphasis on their action toward embryonic myoblasts and satellite cells.
Insulin-Like Growth Factors
Probably the most widely studied of the growth factors are the IGF. The two forms of this factor, IGF-I and IGF-II, have molecular masses of approximately 7,640 and 7,700 Da, respectively, and were so named because of their similarity in structure and function to the hormone insulin. Both of these polypeptides have been isolated from the chicken (Dawe et al., 1988) . The turkey IGF-I cDNA has recently been sequenced (J. McMurtry, 1998, USDA/ARS, Beltsville, MD 20705, personal communication). A recent review by McMurtry (1998) describes the nutritional and developmental roles of IGF in poultry.
Among the first reports of the effects of IGF on avian myogenic cells was the observation by Schmid et al. (1983) that IGF-I and IGF-II were equipotent in enhancing differentiation and fusion of chick embryonic myoblasts. Insulin-like growth factors had a smaller effect on promoting proliferation of these cells. Insulin-like growth factor-II, however, was more potent than IGF-I in promoting proliferation and differentiation of the turkey embryonic myoblast (McFarland et al., 1993a) . Adminis-tration of IGF to chicken (Duclos et al., 1991) or turkey (McFarland et al., 1993a) satellite cells stimulated proliferation. Unlike turkey embryonic myoblasts, exogenous IGF did not influence turkey satellite cell differentiation. Insulin-like growth factors also have insulin-like metabolic effects on avian myogenic cells. These effects include stimulation of glucose transport by turkey satellite cells (McFarland et al., 1994) and chick satellite cell-derived myotubes (Duclos et al., 1993a) . Glucose transport rates were significantly higher in embryonic myoblasts than in satellite cells from the turkey and did not differ between cells derived from turkeys possessing markedly different growth rates (McFarland et al., 1994) . Insulin-like growth factors have been reported to stimulate amino acid uptake in myotubes derived from both chick embryonic myoblasts (Janeczko and Etlinger, 1984) and satellite cells (Duclos et al., 1993b) .
Additionally, IGF stimulate protein synthesis and inhibit protein degradation in myotubes derived from chick embryonic myoblasts (Janeczko and Etlinger, 1984) , chick satellite cells (Duclos et al., 1993b) , and turkey embryonic myoblasts and satellite cells (McFarland et al., 1994) . Protein synthesis and degradation rates were higher in myotube cultures from turkey satellite cells than from embryonic myoblasts. Rates of protein synthesis and degradation did not differ between satellite cell-derived myotube cultures from turkeys with different growth rates. However, protein synthesis, protein degradation, and glucose uptake rates were higher in satellite cell cultures derived from the turkey Biceps femoris than from the Pectoralis major (McFarland et al., 1997b) . These observations correlate with several in vivo studies using isolated red and white muscles, respectively (reviewed in Beatty and Bocek, 1969) . Vandenburgh et al. (1991) , using cultured chick myotubes embedded in a threedimensional collagen gel matrix, demonstrated that IGF-I, but not IGF-II, stimulated myofiber hypertrophy, i.e., increases in myofiber diameter, which paralleled increases in protein synthesis.
Further complicating studies to elucidate the role of growth factors in myogenic cell activity and skeletal muscle development is the fact that IGF, as well as other growth factors, are produced by muscle cells. This production is also true of other, nonmyogenic cells. Insulin-like growth factor-II production by turkey satellite cells was highest in proliferating cells and decreased by 40% during differentiation (Ernst et al., 1996) . This result is in contrast with that seen with several transformed rodent myoblast cell lines, in which IGF-II production increases during differentiation (Florini et al., 1991a; Rosenthal et al., 1991; Rosen et al., 1993) . The reasons for these differences are not clear.
The findings that exogenously administered IGF-I or IGF-II does not increase differentiation of turkey satellite cells suggests that these cells may respond differently to IGF. It is possible that endogenous production of IGF is regulated differently in avian species. Perrone et al. (1995) reported that IGF-I production by chick myotube cultures was increased by stretch and by the presence of Type I collagen in the cell culture matrix. From these studies, it was proposed that stretch-induced skeletal muscle growth may be linked to increased autocrine secretion of IGF-I. Based on studies with chick embryos (Caroni and Grandes, 1990) , it has also been proposed that autocrine release of IGF from skeletal muscle induces neurite "sprouting" from peripheral neurons and may be an important mechanism supporting regeneration of damaged muscles.
The activities of IGF are impacted by their interaction with certain IGF binding proteins. These proteins which have high affinities for the IGF, are found in the serum and are secreted by many cells throughout the body (for review see Clemmons, 1997) . Insulin-like growth factor binding proteins are produced by turkey embryonic myoblasts and satellite cells and there are differences in the relative sizes of the binding proteins produced (McFarland et al., 1993a) . It was proposed that the differences in the binding proteins produced by embryonic myoblasts and satellite cells may be partially responsible for the differences in proliferation and differentiation responses seen with these cells. Administration of IGF-I, IGF-II, or insulin to turkey embryonic myoblasts or satellite cells increased total IGF binding protein release. There is differential expression of IGF binding proteins by turkey satellite cells during differentiation (Ernst et al., 1996) . The level of IGF binding protein-2 was highest during proliferation and decreased to 25, 16, and 11%, respectively, when approximately 20, 60, and 80% of the cells were differentiated (fused).
The type I IGF receptor, which is similar in structure to the insulin receptor, mediates the effects of IGF-I and IGF-II in target cells in avian species. Mammalian systems also have a type II IGF receptor (Morgan et al., 1987) , which is the same as the cation-independent mannose 6-phosphate receptor (termed CI-Man-6-P/type II IGF receptor). This latter receptor not only binds IGF-II but transports lysosomal enzymes to the lysosomes. Studies have failed to detect the presence of the Type II IGF receptor in several chicken cells and tissues (Bassas et al., 1988; Duclos and Goddard, 1990) and in membranes from the gizzard, heart, brain, liver, and skeletal muscle of the turkey . Likewise, studies have shown that IGF-I and IGF-II only interact with the Type I receptor on chicken (Duclos et al., 1991) and turkey (Sun et al., 1992) satellite cells. Clairmont and Czech (1989) reported the presence of the CI-Man-6-P/IGF-II receptor on chicken hepatocyte membranes but that it did not bind IGF-II. During differentiation of turkey satellite cells, IGF receptor numbers decrease markedly (Minshall et al., 1990) .
Fibroblast Growth Factors
Fibroblast growth factors (FGF) are members of a large family of polypeptides expressed locally in developing tissues (for reviews see: Gospodarowicz, 1990; Nilsen-Hamilton, 1994) . Fibroblast growth factor is found associated with the heparin sulfate proteoglycans of the extracellular matrix (ECM) of skeletal muscle fibers (Yamada et al., 1989) as well as other cells. The ECM is thought to be a storage depot for the growth factor (Nilsen-Hamilton, 1994) . When immunolocalizing basic FGF (bFGF: FGF-2) in very early chick embryos (2 to 6 d), Joseph-Silverstein et al. (1989) reported that antibodies localized specifically to the embryonic myoblasts and not to the ECM associated with these cells. Morris et al. (1996) demonstrated expression of FGF in chick embryonic myoblasts and proposed that this FGF could act as an angiogenic factor during development. Fibroblast growth factor is also important in embryonic limb outgrowth and patterning. Ectopic expression of FGF causes skeletal duplications at these sites (Olwin et al., 1994) . Additional limb buds in chicken embryos have been generated by implantation of FGF bound beads to interlimb regions (Heymann et al., 1996) .
Fibroblast growth factor is a key mitogen for avian myogenic cells. In fact, omission of FGF from serum-free medium results in no growth of turkey satellite cells (McFarland et al., 1991) . Basic fibroblast growth factor is a more potent mitogen than acidic FGF (aFGF) for turkey (McFarland et al., 1993a) and chicken (Wilkie et al., 1995) satellite cells. However, the mitogenic effects of IGF-I and FGF on chicken satellite cells were additive, whereas the effects of these two mitogens on turkey embryonic myoblasts and satellite cells were synergistic. Basic fibroblast growth factor is expressed in proliferating chicken satellite cells and decreases during differentiation (Wilkie et al., 1995) . Seed and Hauschka (1988) reported variation in the response of muscle cells to administered FGF. The results of clonal analysis of chick embryonic myoblasts revealed that FGF delayed the onset of differentiation of some clones but was required for differentiation of other clones.
There also appear to be several different FGF receptor species found on the surface of cells (for review see Olwin et al., 1994) . Examination of the FGF receptors on turkey satellite cell and embryonic myoblast membranes revealed the presence of at least two binding sites, including a single high affinity receptor and sites of low affinity, which are likely heparan sulfate proteoglycans (Sun and McFarland, 1993) . Fibroblast growth factor receptor affinities (Kd) were similar between satellite cells and embryonic myoblasts and between satellite cells derived from turkeys that were selected or unselected for rapid growth and skeletal muscle accretion rates. Fibroblast growth factor receptor numbers and Kd were also similar in satellite cells derived from the B. femoris and P. major muscles of the turkey (McFarland et al., 1997b) . Following differentiation of turkey embryonic myoblasts and satellite cells, FGF receptors become undetectable (unpublished observations). It has been proposed that downregulation of FGF receptors is required for differentiation to occur. Itoh et al. (1996) reported that chick embryonic myoblasts overexpressing the Type-1 FGF receptor migrated into the limb muscle mass but failed to differentiate.
Another FGF receptor, FREK (fibroblast growth factor receptor-like embryonic kinase), has received considerable attention recently. Marcelle et al. (1995) demonstrated FREK expression in proliferating chick embryonic myoblasts and found that, following differentiation, this receptor was no longer expressed. Addition of bFGF to serum-starved chick satellite cells results in elevation of FREK transcripts (Marcelle et al., 1994) . When low levels of bFGF were added to chick satellite cell cultures the expression of both FREK and the growth hormone receptor increased (Hodik et al., 1997) . At higher levels of bFGF, however, receptor numbers decreased.
Platelet-Derived Growth Factors
Platelet-derived growth factor (PDGF) is the major mitogen found in serum where it is derived from the platelets following blood clotting (for review see: Lee and Han, 1991) . However, it is now known that PDGF is also released from a large number of cells, including arterial endothelial cells (DiCorleto and Bowen-Pope, 1983) , activated monocyte/macrophages (Shimokado et al., 1985; Martinet et al., 1986) , arterial smooth muscle cells (Seifert et al., 1984) , rat skeletal muscle myoblasts (Sejersen et al., 1986) and fibroblasts (Raines et al., 1989) .
Platelet-derived growth factor was shown to be a potent mitogen for chick embryonic myoblasts (YablonkaReuveni and Seifert, 1993) . These researchers determined that the greatest mitogenic activity was seen with the PDGF-BB isoform, followed by the AB isoform, whereas the AA isoform had no effect. Similar results were seen with both turkey embryonic myoblasts and satellite cells (Ye et al., 1996) . Yablonka-Reuveni and Seifert (1993) also reported there were developmental differences in the responsiveness of chicken embryonic myoblasts exposed to PDGF. More embryonic myoblasts in later stages of embryonic development responded to PDGF than during early stages. Examination of the PDGF receptors on turkey myogenic cells revealed that there were no differences in receptor numbers or affinities between embryonic myoblasts or satellite cells or between satellite cells derived from turkeys selected or unselected for skeletal muscle accretion rates (Ye et al., 1996) . However, satellite cells derived from the turkey P. major muscle exhibited greater responsiveness to PDGF than did cells from the B. femoris, paralleling their relative responses to added serum (McFarland et al., 1997b) . Furthermore, the PDGF receptor on P. major satellite cells had a higher affinity for PDGF.
Platelet-derived growth factor also has an effect on the chemotactic behavior of myoblasts. Using embryonic myoblasts isolated from Coturnix embryos, Venkatasubramanian and Solursh (1984) demonstrated that cells migrated toward a gradient of PDGF, whereas nonmyogenic limb mesenchyme cells did not.
Hepatocyte Growth Factor
Whereas the identity of hepatocyte growth factor (HGF) as a mitogen for myogenic satellite cells is a relatively recent event, there were a number of earlier studies that reported the activity of an unknown factor later identified as HGF. Bischoff (1986) reported that saline extracts of crushed skeletal muscle were capable of activating quiescent rat satellite cells on isolated rat muscle fibers. This "crushed muscle mitogen" did not exert this activity toward cultured muscle-derived rat fibroblasts. In 1995, Allen et al. reported that addition of HGF to cultures of satellite cells derived from old rats (which are largely quiescent) caused the cells to enter the cell cycle earlier, i.e., shortened the lag phase of the cells. It was also shown that quiescent satellite cells possessed the c-met proto-oncogene product, which is the HGF receptor. Furthermore, the reported properties of the crushed muscle mitogen were consistent with the properties of HGF, and it is now thought to be the same protein. Earlier, Jennische et al. (1993) demonstrated that HGF was expressed during the early stages of skeletal muscle growth but disappeared once growth ceased. Regeneration following ischemic injury to muscle resulted in the reappearance of HGF.
A recent report by Gal-Levi et al. (1998) identified HGF as having effects on chicken satellite cells as well. Hepatocyte growth factor both increased DNA synthesis and decreased differentiation of the cells in culture. They also provided evidence that HGF decreases cell differentiation by inhibiting the activity of myogenic determination factors and subsequent muscle-specific protein expression. It was proposed that increasing proliferation and decreasing differentiation of satellite cells would increase the satellite cell pool size and eventually lead to more fiber formation. While HGF expression was not detected in proliferating satellite cells, it was detected in myotubes. Hepatocyte growth factor has similar effects on the proliferation and differentiation of turkey satellite cells (Zeng et al., 1998) . There also appears to be differences in the response of various turkey satellite cell clonal populations toward HGF. Bischoff (1997) also reported that HGF has chemotactic activity toward rat satellite cells. Using chick embryos, Brand-Saberi et al. (1996) reported that HGF causes detachment of myogenic precursor cells from the somites and is therefore thought to be important in initiating the migration of these cells into limb buds. The production of HGF in the early embryo may be tied to the appearance of FGF. By implanting FGF beads into the mesoderm of developing chick embryos, Heymann et al. (1996) demonstrated the induction of HGF expression.
Epidermal Growth Factor
At the present time, the role, if any, of epidermal growth factor (EGF) in avian skeletal muscle development is unclear. McFarland et al. (1993a) reported that EGF in combination with either IGF-I or with FGF in serum-free medium had no effect on the proliferation of turkey satellite cells or embryonic myoblasts. Epidermal growth factor does, however, affect the activities of other avian cells. Topouzis and Majesky (1996) reported that EGF increases DNA synthesis of chick smooth muscle cells.
Epidermal growth factor also appears to be important in chick cardiac cell development and function. Lau (1994) detected EGF and its receptor in chick ventricular myocytes. Epidermal growth factor was also found to increase DNA synthesis in these cells (Lau, 1993) . When added to cultured chick cardiac myocytes, EGF had a positive chronotropic effect (Rabkin, 1996) . Although EGF has not been shown to affect avian satellite cells or embryonic myoblasts, there are reports that this growth factor influences skeletal muscle cells derived from other species. Roe et al. (1995) demonstrated that EGF increases the uptake of amino acid and glucose analogs into ovine satellite cells. Additionally, EGF is a mitogen for human satellite cells (Ham et al., 1988) , porcine satellite cells (Doumit et al., 1993) , and fetal bovine myoblasts (Blachowski et al., 1993) . The lack of any reported effects of EGF on avian skeletal muscle cells may be due to the inability of recombinant human EGF to interact with the receptors on these cells. Further clarification of the role of EGF in avian skeletal muscle development may likely require isolation of the avian growth factor.
Transforming Growth Factor-b
In 1982, Evinger-Hodges described a factor secreted into the culture media of rat liver cells that inhibited differentiation of rat L6 myoblasts. This "differentiation inhibitor" was studied by a number of laboratories and in 1986 was determined to be identical to transforming growth factor-b (TGF-b; Florini et al., 1986) . The inhibition of differentiation by TGF-b is believed to be due to a block in the expression of myogenic differentiation genes such as myogenin (Massague et al., 1991) . The in ovo detection of TGF-b1 and TGF-b2 expression by D 1.5 of incubation (Jakowlew et al., 1994) and TGF-b4 expression by D 4 of incubation (Jakowlew et al., 1992) suggests that this growth factor is very important in early development of avian species. These three forms of TGF were expressed in every embryonic tissue examined and expression increased with embryonic age. Velleman and Coy (1998) also reported expression of TGF-b1 and TGF-b2 in posthatch chickens. Transforming growth factor-b2 is also expressed in cultured chicken satellite cells (S. G. Velleman, 1998, Ohio State University, Ohio Agricultural Research and Development Center, Wooster, OH 44691, personal communication) . Yun et al. (1997) reported that TGF-b1 inhibited both proliferation and differentiation of turkey satellite cells. An earlier report by Schofield and Wolpert (1990) demonstrated that, when added alone, TGF-b1 and TGFb2 had no effect on chick embryonic myoblast differentiation. However, when added with FGF, TGF-b blocks the FGF inhibition of myoblast differentiation and allows the cells to differentiate. It is not known if the differences seen between the turkey and chicken cells represent variation due to the species examined, media conditions used, or are due to differences in the developmental age of the cells.
THE FUTURE
A better understanding of the factors influencing skeletal muscle growth and development will be important in improving poultry and livestock production efficiency in the future. There are many possible avenues in which this information may be used. For instance, in order to capitalize on recent advances in genetic engineering technology for the production of agricultural animals possessing more desirable growth characteristics, it is necessary to understand the cellular basis of growth and muscle accretion. This information will allow targeting of the appropriate genes regulating growth and development. It may also be possible to influence the in vivo production of growth factors by meat animals to enhance muscle growth efficiency and improve meat quality.
There have been several reports of heterogeneity in the properties of satellite cells isolated from muscles. These include variation in myosin isoforms expressed (Feldman and Stockdale, 1991) , DNA labeling characteristics (Schultz and Heckman-Jones, 1990) , colony sizes formed (Yablonka-Reuveni et al., 1987; Schultz and Lipton, 1982; Schultz and McCormick, 1994) , and proliferation and differentiation rates (Molnar and Dodson, 1993) . In studies with the turkey, we have reported heterogeneity in the response to growth factors of satellite cells isolated from one muscle from one individual animal (McFarland et al., 1995a; Yun et al., 1997) . These reports suggest that perhaps satellite cell "subpopulations" exist that differ in their response to signals in vivo. If so, different strategies may need to be developed to activate and stimulate proliferation and differentiation of the various subpopulations. It may be possible to selectively target subpopulations of cells and improve the properties of the muscle and, therefore, the meat produced.
Satellite cell characteristics also appear to vary between varieties of turkeys. Satellite cells from a fastgrowing variety of turkeys were demonstrated to be more responsive to the mitogenic effects of serum, IGF-I, IGF-II, and insulin (McFarland et al., 1993b; McFarland et al., 1995c) . Similar findings were recently reported with other heavy and light strains of turkeys in France (Merly et al., 1998) . These findings suggest that in vitro properties of satellite cells might be used in strategies to select for muscle accretion rates and improve the efficiency of meat production.
There are many other potential applications for satellite cell and growth factor technology in agriculture. As our understanding of the roles of growth factors in skeletal muscle development improves, there will be improvements in the efficiency of poultry and livestock meat production.
